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Abstract: The equation yxy = f(x)y? + g(x)y> is the charged generalization of the Emden-Fowler
equation that is crucial in the study of spherically symmetric shear-free spacetimes. This version
arises from the Einstein-Maxwell system for a charged shear-free matter distribution. We integrate
this equation and find a new first integral. For this solution to exist, two integral equations arise as
integrability conditions. The integrability conditions can be transformed to nonlinear differential
equations, which give explicit forms for f(x) and g(x) in terms of elementary and special functions.

o ) 1\ 1175 ) 125
The explicit forms f(x) ~ -5 (1 — ;) and g(x) ~ F( — ;) arise as repeated roots of
a fourth order polynomial. This is a new solution to the Einstein-Maxwell equations. Our result
complements earlier work in neutral and charged matter showing that the complexity of a charged

self-gravitating fluid is connected to the existence of a first integral.

Keywords: relativistic fluids; Einstein-Maxwell field equations; first integrals

1. Introduction

The concept of complexity was introduced by Herrera [1] for self-gravitating systems
in general relativity. This approach has proved to be useful for studying the behaviour of
highly dense stars, neutron stars and radiating stars in strong gravitational fields. Complex-
ity has been studied in spherical systems, cylindrical systems, axial systems and hyperbolic
systems by various researchers [2-14], showing its applicability in a variety of applications.
Apart from general relativity, the concept of complexity has been studied in extended
theories of gravity including Einstein-Gauss-Bonnet gravity, Lovelock gravity, f(R) grav-
ity and other generalizations [13,15-20]. It is important to obtain a deeper insight into
the behaviour of relativistic self-gravitating fluids, including dissipative effects. Charged
shear-free relativistic fluids have been applied to many stellar systems including radiating
stars with the Vaidya geometry describing the external atmosphere. In this study we focus
on charged shear-free fluids with spherical symmetry. A new first integral is identified.
This suggests a deeper connection between first integrals, charged dissipative distribu-
tions and the complexity of self-gravitating relativistic fluids in general. Observe that it is
difficult to explicitly find first integrals in practice. There is no algorithm that generates
them systematically. Here we show that a new first integral arises, in a simple approach, by
adapting a previous method. We multiply Equation (7) by a function to generate a new
differential equation, eventually leading to a new first integral. There is no guarantee that
this approach will work in general; we find that this simple idea is an effective procedure
for a relativistic charged gravitating fluid.

Exact solutions to the Einstein-Maxwell equations are important in relativistic astro-
physics and cosmology as they are used to investigate properties of physical phenomena.
The Einstein-Maxwell equations may be used to describe charged compact objects with
strong electromagnetic effects [21]. There has been substantial research in seeking exact

Entropy 2022, 24, 645. https:/ /doi.org/10.3390/e24050645

https://www.mdpi.com/journal/entropy


https://doi.org/10.3390/e24050645
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/entropy
https://www.mdpi.com
https://orcid.org/0000-0001-9923-7777
https://orcid.org/0000-0001-8926-0009
https://orcid.org/0000-0002-1967-2849
https://doi.org/10.3390/e24050645
https://www.mdpi.com/journal/entropy
https://www.mdpi.com/article/10.3390/e24050645?type=check_update&version=1

Entropy 2022, 24, 645

20f16

solutions to the Einstein-Maxwell equations. This research include various treatments
of Ivanov [22], Srivastava [23], Sharma et al. [24] and Kweyama et al. [21] among others.
Assumptions of spherical symmetry in spacetimes and shear-free matter distributions are
usually made when seeking exact solutions to the Einstein field equations with uncharged
matter. This simplifies the Einstein field equations to the single partial differential equa-
tion yyx = f(x)y? (which can be treated as an ordinary differential equation). Classes
of solutions to this ordinary differential equation have been found by Kustaanheimo
and Qvist [25], Srivastava [26], Stephani [27], Stephani et al. [28] and Maharaj et al. [29].
Similarly, when seeking exact solutions to the Einstein-Maxwell equations with charged
matter, spherical symmetry and the absence of shear is usually assumed. These assump-
tions simplify the Einstein-Maxwell equations to the single partial differential equation
Yrx = f(x)y? + g(x)y>. This equation consists of an additional term g(x)y* compared to
its uncharged counterpart. This term is due to the presence of the electromagnetic field.
Kweyama et al. [21] investigated integrability and found exact solutions to this equation us-
ing an approach suggested by Srivastava [26]. Krasinski [30] provides a review of charged
solutions with a Friedmann limit. Sussman [31,32] performed a detailed physical analysis
of the Einstein-Maxwell equations. The condition of vanishing shear has been applied to
different physical applications in cosmology and astrophysics.

Vanishing shear leads to a simplification of the Einstein-Maxwell equations. An
important reason to consider the shear-free condition and homogeneous expansion rate is
the connection to the analogue of homologous fluids in the classical Newtonian limit. This
implies that the shear-free restriction has a meaningful basis in general relativity, and other
gravity theories. It should be noted that shear-free fluids may become unstable because of
pertubations due to anisotropic effects and dissipative effects. The stability of shear-free
configurations, and general dissipative matter in relativistic astrophysics, has been studied
in treatments [33-38]. As observed in these studies pressure anisotropy and dissipation are
effects that should be studied, including the stability of the configuration, as the relativistic
fluid evolves from the isotropic state. These quantities play an important role in models of
gravitational collapse.

In this paper we investigate the integrability properties and find exact solutions to the
charged field equation yyy = f(x)y* + g(x)y® using an ad hoc approach adopted in [29]. In
Section 2 we show how the Einstein-Maxwell equations reduce to this master equation and
briefly discuss the results obtained by Kweyama et al. [21]. We obtain our new first integral
in Section 3. This first integral is subject to two integrability conditions which are integral
equations. We solve these integral equations in Section 4. We find restrictions on the functions
f(x) and g(x) in Section 5. Our results indicate that first integrals are obtainable for charged
shear-free fluids extending the result of Gumede et al. [39]. Important technical information,
providing detail for the calculations performed, are provided in Appendices A and B.

2. Charged Shear-Free Fluids
The set of the Einstein-Maxwell equations follow from variation of the Lagrangian:
1 1
L=5 (R - 4FabF”b> + L, )

where R is the Ricci scalar, Fj; is the electromagnetic field tensor and L, represents the
matter source. Variation of the Lagrangian L leads to the Einstein-Maxwell equations:

1
Ry — 3Ry = (p+ p)uatiy + pgap + Z(FaCFbc - 4gahchFCd>/ (2a)
Fab;c + ic;a + Fca;b 0, (2b)
Fy = 3, (20)

for a perfect fluid source with energy density u and pressure p. Note that |* = cu”, where
0 is the proper charge density and u* is a timelike fluid 4-velocity.
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We consider a spherical spacetime with the metric:
ds? = —e2/(t7) g2 4 p2ME) [drz + 12(d6? + sin? 9¢2)], ©)
for a charged perfect fluid in the comoving and isotropic coordinate system (x*) = (¢, 7,6, ¢).

The Einstein field equations for the line element (3), for a shear-free and charged matter
distribution, can be written as:

A2 2, A\ F?

o= 3ezveu<”"“r+r ey ()
1 ) 1 5 U, 2A, E?

p = eTl/ (*2/\” — 3/\t + 2Ut/\t) + 627 ()\r + 21/7‘/\7‘ + 7 + 1’) + @’ (4b)
1 5 1 2 Vr | A E2

p = o (—2/\tt —3A7 + 2Ut/\t) + 21 (Vrr +vp+ 7 + 7 + A”) T AN (4c)

0 = 1A — Ay (4d)

These quantities are measured relative to the comoving fluid 4-velocity u® = e~"4j. The
gravitating equations are supplemented with the Maxwell equations:

E = r?Mvo, (5a)
E, = or*h (5b)

(The subscripts r and t represent partial derivatives with respect to r and ¢, respectively.)
The term ®, = Fjj is the only nonzero component of the electromagnetic field tensor
Fiy = Pvq — Py with ¢y = (P(t,7),0,0,0). Note that ¢ is the proper charge density and E
is the electric field intensity, which represents the total charge of the distribution.

The Einstein-Maxwell system of Equations (4) and (5) can also be written in the
equivalent form:

4\ E?

_ 2h —2A 2 r

]/l - 36 —e 2)\7‘7‘ + AT + }’) - 1’464A, (63)

I S PV T S span | E?
Pr= A {e (Ar + r> ¢ T A/ (6b)
e = Aeh (6¢)
A E?

A 2 r _

e </\rr A r) = —p(r) = I (6d)
o = r 2 3E, (6e)

where h = h(t) and p = p(r) are arbitrary functions of integration. The functions & and p
need to be specified in order to find exact solutions for the field equations. The quantity
E = E(r) is also a function of integration. The metric function A is obtained from the
condition of pressure isotropy (6d), which has been generalized to include electromagnetic
effects. The remaining metric function v then follows from (6¢). The energy density u
and the isotropic pressure p can be calculated using Equations (6a) and (6b). Using the
transformation:

y(xt) = e
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and setting
- P
f(X) - 41’2 ’
EZ
g(x) = 5767
we can rewrite (6d) as:
yex = fO)Y +g(0)y’. )

The partial differential Equation (7) is the master equation governing the gravitational
dynamics of a shear-free charged fluid in general relativity. Since there are no temporal
derivatives in (7) we can treat it as an ordinary differential equation but note that the
arbitrary quantities that arise from integration are functions of ¢. If the function g = 0, then
the equation reduces to yyx = f(x)y? for a neutral fluid. The neutral case has been studied
by many researchers including Kustaanheimo [25], Stephani [27], Stephani et al. [28],
Maharaj et al. [29], Wafo Soh and Mahomed [40] and Gumede et al. [39].

A recent analysis of the master Equation (7) was performed by Kweyama et al. [21]
where they found its first integral by directly integrating this equation using integration by
parts. They found the first integral of (7) to be:

0(t) = —va + f1v’ +81y° — 2fuyyx + 2f1u1ys +2 {(ffll)l - ;CO] v+ 12(gfi)1 — Cily*, ®)

subject to the integrability conditions:

Co =2ff111+3(ff11)1+%81/ (9a)
Ci = gfir +2(gf1)1, (9b)

where Cy and C; are constants, Ty(t) is an arbitrary function of integration, f; = [ fdx and
g1 = | gdx. The system (9) is difficult to analyse as they are integral equations. Fortunately,
they can be converted to nonlinear differential equations. Solving the integral Equation (9)
gives specific forms of f(x) and g(x) in terms of elementary functions. In one instance,
these functions are given by:

Flx) = 25 (5043 (x = x0) 17,

and
g(x) = Co(50) /% (x —x0) 2%,

where b is an arbitrary constant and xy is a constant of integration.

We use a similar approach to obtain a new first integral of the charged generalization (7)
subject to different integrability conditions to obtain different forms of f(x) and g(x) in the
next section.

3. A First Integral

In order to obtain (8), Kweyama et al. [21] adopted a method first suggested by
Srivastava [26], and subsequently extended by Maharaj et al. [29]. The approach was
simple to apply—the left hand side of (19) was integrated directly and the right hand side
integrated by parts. However, note that the difficulty that arises is that the process yields
integral equations which need to be solved to complete an exact solution. As a result it is
difficult to explicitly find first integrals in practice. There is no algorithm that generates
them systematically. Here we show that a new first integral arises, in a simple approach, by
adapting a previous method. We multiply Equation (7) by a function to generate a new
differential equation, eventually leading to a new first integral. There is no guarantee that
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this approach will work in general; we find that this simple idea is an effective procedure
for a relativistic charged gravitating fluid.

We use a similar technique with one important distinction. We multiply (7) by x
to obtain:

W = fy* + 3y, (10)
where for convenience we have let:
f=xf
and
§=xg.

We observe that the left hand side of (10) can still be integrated (by parts), and we can
also apply integration by parts to the right hand side. This yields:

Xyr—y=fiy" + 3y’ —2 / fryyxdx —3 / SivPyxdx — Py (1), (11)

where we have let:

/fdx = /xfdx = f

/gdx:/xgdx:gl

for convenience, and 1 (t) is a function of integration. Integrating fjyy, and using (7),
we obtain:

and

W=y = fi+3y° —2fuyyx +2 /fn%zcdx +2 /ff”y3dx
+2 / gfirytdx —3 /g‘;yzyxdx — 1 (). (12)
Integrating f firy3, ¢ frry* and firy? and substituting in (12), we obtain:

xyr—y = fiv* + &’ = 2fuyyx + 2(Ffi) iy’ + 2(8fu) vt + 2finyi
%)

*é .{[fo111+3(ff11)1+;§1} (d(dyx> }dx (13)

4
—/{[8f111+2(8f11)1] <dgi)>}dx—1p1(t).

The integrals in (13) can be evaluated if:

Ko = 2f fiir + 3(f fir)1 + %gn (14a)
Ky = gfir +2(8fm)1, (14b)

where Ky and Kj are arbitrary constants. A first integral of (7) is then given by

P1(t) =y — xyx + fry* + 81v° — 2f1iyyx + 2fiys + 2 [(ffn)l - ;KO} v+ [2(gfi) — Ki]y?, (15)

subject to the integral Equations (14). Note that (15) is a new first integral of (7) subject to
new integrability conditions. Thus, the first integral exists for new functions f(x) and g(x)
for a charged shear-free matter distribution. We show in Appendix B that this new first
integral is independent of the charged first integral found by Kweyama et al. [21].
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4. Integral Equations

The two equations in (14) are integral equations that need to be solved. To complete
the analysis we need to determine the form of the functions f(x) and g(x). In an attempt
to seek the form of the functions f and g, we rewrite the integral Equations (14) as ordinary
differential equations as these are (usually) easier to solve. Setting:

L= fIU/
and differentiating (14b) we obtain:
(8L), +28Lx =0,

whose solution is given by:
g =KL 3. (16)

In the equation above, K; is a constant of integration.
Differentiating (14a) and using (16) we obtain:
= 5 3, -
frl+ S fLy = =7 KoxL 3,
which can be written as a fourth order differential equation:

1.5/0+ _
<L5/2Lxxx> = Sgoxl 3, (17)
x X 4

since 1
f = ;f = ;ixxx-

Integrating (17) three times, we obtain:

. K : 2 K 3 K ' !
x’L71 =K, +/ xL™32dx + 74 (/ xi_3/2dx) + 73 (/ xi_3/2dx> - 3—5 (/ xi_wzdx) , (18)

where K3, K4, K5 and Kg are constants of integration. In Appendix A, we illustrate how
Equation (17) is integrated repeatedly to yield (18). The solution of (18) can be written
parametrically in general. The constant K, is related to the charge. For neutral fluids
K; = 0 and the polynomial in p(u) is third order. For charged fluids K, # 0 and the
polynomial in p(u) is fourth order. Hence, the presence of the electromagnetic field changes
the nature of the exact solutions that are permitted when compared to neutral matter.
It is convenient to define:
U= /xi_3/2dx,

so that (18) becomes:

2 1, 5, 1, 5 1\
X Uy = (K6 + Ksu + §K41/l + 81(31/{ — 3—2K2u ) .

This equation is separable and can be integrated to obtain:

xo—iz/( : (19)

1 ’ 1 3 1 4 3/27
Ke + Ksu + 5 Kqu* + 5K3M - 3—2K2u )

where X is a constant of integration. The evaluation of the integral on the right hand side
of (19) above depends on the nature of the roots of the polynomial K¢ + Ksu + %K4u2 +
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tK3u® — 55 Kou. In order to find the functions f(x) and g(x) satisfying the integrability
conditions (14), it is convenient to express the solution in the parametric form:

f(x) = Lyxx,
g = K73
Uy = xl_f%,
Xp — 1 _ (u)
O X - p 7
where p
u
p(u) :/ (20)

1 ) 1 3 1 4 3/2°
(Ko + Ksu + §Kau? + §Kau® — hKout)

5. Particular Solutions

The evaluation of the integral in (19) can be reduced to nine cases depending on the
nature of the factors of the polynomial K¢ + Ksu + %K4 u? + %Kg ud — %Kzu‘1 that appear in
p(u). The nine cases correspond to:

Case I—One order-four linear factor,

Case II—One order-three linear factor,

Case III—One order-two linear factor and one order-one quadratic factor,
Case IV—One order-two linear factor and two order-one linear factors,
Case V—Two order-two linear factors,

Case VI—Four non-repeated linear factors,

Case VII—One order-two quadratic factor,

Case VIII—Two order-one quadratic factors, and

Case IX—One order-one cubic factor.

We discuss these cases below.

5.1. Case I: One Order-Four Linear Factor

If K¢ + Ksu + %K4u2 + %K3u3 - %Kzu4 has one linear factor repeated four times then
we have:

1 1 1
Kg + Ksu + EI<4uz + 6I<3u3 — §K2u4 = (a+bu)t,

with b # 0. The integral in (19) or (20) can be evaluated to obtain:

p(u) = —;—b(a + bu)_5,

) 1\ 45 1\%/5
I _ =
L=x < Sb) (xo x) .

Differentiating L three times and using (16) we obtain:

so that

24 1 —4/5 1 -11/5
F) = a5 <_5b) (xo - x) ’ (21a)
12/5 -12/5
g(x) = % (—;b) (Xo — i) : (21b)

Hence the functions f(x) and g(x) can be found explicitly in this Case I. After reparametri-
sation we can write:
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-11/5

flx) ~ xl5<1—1> , (22a)
-12/5

glx) ~ xl6<1—D . (22b)

This is the simplest form. The first integral (15) becomes:

1 —4/5 1 4/5
Pi(t) = y—xyx+2<—5b> (xo—x> yz
L8 1 WS, NTUS g g NS e
5x\ 5b 05 Y~ 252 5b Yo~y Y
. K( 1 12/5 1 ~12/5 - 1 —4/5 1 4/5
x5 5b o~ 3 Iy \ 75 Yo~ 3 YYx
8 1 —4/5 1 -1/5 5 1 —4/5 1 4/5 )
+g <_5b> (Xo—x> Yyx +2x <_5b) (XO— x) Yx (23)
58 (1 -8/5 o 1 -7/5 . % (1 -8/5 . 1 ~12/5 X
125¢* \ " 5b 07 % 625x2 \ 5b 07 % Iy
¥\ 5b 07 % 5x6 \ 5b 07 % Iy

2
—§1<oy3 - Kyt

+2

+2

where the subscripts I denote the remaining integration. This first integral is a new solution
to the Einstein-Maxwell equations for the functions f and g given in (22). It corresponds to
a shear-free spherically symmetric charged fluid. Interestingly, there is no corresponding
neutral solution as we must have b # 0 (equivalently K, # 0) otherwise the polynomial
in (20) is not fourth order. This means that charge is always present.

As a final check on our results, we substitute the forms (21a) and (21b) into the
integrability conditions (14) in order to find any restrictions on the constants Ky and Kj.
In this case, we find that these constants are both equal to zero. We note that the same
restriction occurs in the Kweyama et al. [21] model though this was not observed at
that time.

5.2. Case II: One Order-Three Linear Factor
If Kg + Ksu + %K4u2 + %K3u3 — %Kzu‘1 has one order-three linear factor, then we have:

1 1 1
Kg + Ksu + 5I<4uz + gI<3u3 — §I<2u4 = (a+bu)(u+c).

We can evaluate the integral in (19), with the help of the package Mathematica [41], to obtain:

() = 2\/(a+bu)(u+c)[ 35p* N 93> 29b*(a — be) N 13b(a —be)*>  5(a — be)?
P = 35(a — be)® a+bu  u+c (u+c)? (u+c)d (u+c)* |’

We observe that, in this case, the integral in (19) can be expressed in terms of elementary
functions. However, it is not straightforward to perform the inversion to find u(x), and
find f(x) and g(x) explicitly as in the previous case.

If weletg=0,K, =0and b =0, then:

p(u) = éa_?’/z(u +0)772,

_ 2 —4/2 2 -2/3 1 6/7
_ 2/7( “ 4 2 _
L= en(G) () Rlen)
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After reparametrisation, f(x) can be written as:

fx) ~ % <1 - 1) _15/7, (24)

X

which was found previously in the case of a shear-free spherically symmetric uncharged
fluid [39]. The corresponding uncharged first integral is given by:

O~ e 2 76/7x_1 6/7ZJFE 2 76/7x_l 7
Pi(t) = y—xyx 7B o—3) ¥Vt ~75 0~ y

L6/ 2\ 43/72_4 2N\
49x2\ 7B 0Ty Yo7 nTy)

12 ) —6/7 1 -1/7 ) ) —6/7 1 6/7 )
2 <_7B) (XO - x) Yyx +2x (—7]3) (xo - x) Yx (25)
N 192 _i —12/7 o 1 —-9/7 3+ 576 _i —-12/7 . 1 —-16/7 3

3434\ 7B 0T % Iy 2401\ 7B 07 % Iy

2
—ZKqP

Sk,

as established earlier.

5.3. Case I1I: One Order-Two Linear Factor and One Order-One Quadratic Factor

If Kg + Ksu + %K4u2 + %K3u3 - %Kzu‘L has one order-two linear factor and one order-
one quadratic factor, then we have:

1 1 1
Kg + Ksu + §K4u2 - 8K3u3 - §K2u4 = (a+bu+cu?)(u+d)?

with b2 — 4ac < 0. We evaluate the integral in (19) with the aid of Equations (2.266) and
(2.269.6) in [42] to obtain:

_ 15(b—2cd)* —62c(b—2¢d)? (a—bd+cd?)+24c* (a—bd+cd*)?

p(u) = 2(a—bd~+cd?) [Ac(a—bd~+cd?)— (b—2cd)?)
+ c(b—2cd)[15(b—2cd)?—52c(a—bd+cd?)|u
2(a—bd+cd?)A
(26)
1 __ 5(b—2cd) 1

(a—bd+cd?)u?  2(a—bd+cd?)u } 2/ (a—bd+cd?)+(b—2cd)u-+cu?
4 15(b—2cd)?—12c(a—bd+cd?) f du

8(a—bd+cd?)? ur/(a—bd+cd?)+(b—2cd)u+cu?’

where A = 4(a — bd + cd?)c — (b — 2cd)?. The exact form of the integral on the right hand
side of (26) depends on the signs of A and a — bd + cd?.

Specific examples of the constants 4, b or d make the integral on the right hand side
of (19) easier to write in terms of elementary functions. For example, if = 0, then we have

K¢ + Ksu + %K4u2 + %K3u3 — %Kﬂ‘* = (bu +cu®)(u+d)?,
which can be evaluated using [42] (Equation (2.269)) to obtain:
() = 2( 1 N 8¢ o lec? N 64c
P 7 (b—2cd)u® = 5(b—2cd)u?  5(b—2cd)3u = 5(b—2cd)*
128c%u 1

+5(b —2cd)’ } V(b —=2cd)u+ cu?
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As a second example if b = 0, then we have:

1 1 1
Kg + Ksu + §K4u2 + 6K3u3 — 3—2K2u4 = (a+ cu®)(u+d)>%

Using Mathematica [41] and evaluating the integral in (19) yields:

p(u) = 1{ —a® +23d%u(d + u)3 — a®c(10d? + 11du + 3u?)
2 a(a+ cd?)3(d + u)>vVa + cu?
ac’d(6d® + 6d4%u — 14du® — 13u3)  3c(a — 4cd?) log|d + u]
a(a+ cd?)3(d + u)>va + cu? - (a+ cd?)7/2
+3c(a — 4cd?) logla — cdu + +/(a + cd?)(a + cu?)] }
(a +cd2)7/2 :

Thirdly, if d = 0, then we have that:

1 1 1
Ke + Ksu + §K4M2 + 6K3M3 - 51(2144 = (ﬂ + bu + Cuz)u2.

With the aid of Mathematica [41], we evaluate the integral in (19) to obtain:

1
u) = —2+/a[8ac + 15b%u? (b + cu
pu) 8a7/2(—b2 + 4ac)u? a+u(b+cu){ val ( )
+-abu(5b% — 62bcu — 52c?u®) — 2a*(b* 4 10bcu — 12¢*u?)]
2

—3(5b* — 24ab*c + 16a>c*)u\/a + u(b + cu)log[u]

+3(5b* — 24ab®c + 16ac®)u*\/a + u(b + cu) log[2a + bu + 2+/a\/a + u(bu + c)] },

expressed in terms of elementary functions. As a fourth example, if d = b = 0, then (19)
becomes:

—va(a+3cu?) — 3cu®va + cu? (log[u] —logla+ vava+ cuz])
u)= .
pu) 2a5/2u2+/a + cu?

Finally, we study the case where a = d = 0. In this case, evaluating the integral in (19) yields

() = 2(—5b* + 8b3cu — 16b*c?u? + 64bc3u® + 128c*u*)
P 35b%u3\/u(b + cu) '

We observe that if the polynomial K + K51 + %K4u2 + %K3u3 — 3%K2u4 has one order-two
linear factor and one order-one quadratic factor, it is difficult to obtain f(x) and g(x)
explicitly as the expressions for p cannot be inverted to obtain u.

5.4. Case IV: One Order-Two Linear Factor and Two Order-One Linear Factors

If the polynomial K¢ + Ksu + %K4u2 + %K3u3 — 31—2K2u4 has one order-two linear factor
and two order-one linear factors, then we have:

1 1 1
K¢ + Ksu + EK4u2 + 81(3143 - 3—2K2u4 = (a+bu)(c+du)(u+e)?
In this case, the integral in (19) can be expressed completely in terms of elementary functions
and can be obtained using Mathematica [41]. However, we do not include it here due to its
length, and the fact that u cannot be obtained explicitly.
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5.5. Case V: Two Order-Two Linear Factors

With two order-one linear factors, we have:

1 1 1
Ke + Ksu + 2K4u + 6K3u - ﬁKzu (a4 bu)?(u+c)>

The integral in (19) may be evaluated to obtain:

() = 3b? 4 6b? log[u + ] n
PO = @b atou)  (a—bo)® " 2(a—be)3(a + bu)?
_ 6b?logla + u] 1 3b

(a—bc)®  2(a—bc)d(u+c)? * (a—bc)*(u+c)

Setting the constants 2 = 0 or ¢ = 0 simplifies the result. For example, if c = 0, then

we have:
3b? 6b? log|u] b?
plu) = a*(a+ bu) s T 2a3(a + bu)?
_ 6b?log[a + bu +£_ 1
ad atu  2a3u?’
while for a = 0 we have [43]:
() = 6logu] 6log[u +c] 3 1
P b3S b3cd b3ctu  2b3c3(u + c)?

L3
b3c*(u+c) 2b3c3u?’

However, due to the combination of logarithmic terms and powers of u, one cannot invert
in order to obtain u(x) explicitly.

5.6. Case VI: Four Non-Repeated Linear Factors
With four non-repeated linear factors, we have:

1 1 1
K6+K5u+2K4u +6K3u 73—2K2u =e(a+u)(b+u)(c+u)(d+u),

with e # 0. The integral in (19) is given by:

_ 2¢3/2
plu) = (afb)\/(a+u)(b+u)(c+u)(d+u)
(a+u)(b+u) 2 1
X{ O)(a- >H }

=a) (- d)(c ot o=
)

(b—
+[((a+u§§b+u))} |:|:2(£d_4;)’)4€’§b ;lz (- )(bld)(ﬂ%)] B (b*C)(ZtZ)(ﬂ*C)]

- <af§)3¢/;fd [(a—aoz(cl—d)m + s o) E@ p)
~ i | e Ep)
e % e | F )
+[W} (2, p), (0<d<c<b<a).
In the above
o [@od) (b—c)(a—d)
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~ b+2cu

and F(a, p) and E(a, p) are the elliptic integrals of the first and second kind, respectively
(See also [21]). We did not include the special cases in this case because they do not
simplify the integral, which are still in terms of elliptic integrals and they do not have an
uncharged limit.

5.7. Case VII: One Order-Two Quadratic Factor
With one order-two quadratic factor, we have:

1 1 1
K¢ + Ksu + §K4u2 + 8K3u3 — 3—2K2u4 = (a+bu+ cuz)z.

Using Equation (2.173.2) in [42], the integral in (19) may be evaluated to obtain:

" dac —b?

1 N 3c N 6¢2 / du
2(a+bu+cu?)?  (4ac — b?)(a+ bu + cu?) (4ac —b%)2 ) a+ bu+ cu?’

where the integral on the right hand side depends on the sign of 4ac — b2. In the special
case of 2 = 0 we have:

1 1 1
Kg + Ksu + §K4u2 + 8K3u3 — 3—2K2u4 = (bu + cu?)?,

so that:

p(u) = 4b%cu — b3 + 18bc®u® + 1233 462 log(u] — log[b + cu] .
2b4u2(b + cu)? b>

For b = 0 we have:

1 2 1 3 1 4 2\2
Kg + Ksu + 2K4M + 6K3u 32K2u = (a+cu)’,

which yields:

v
Sau 4+ 3cu® 3 arctan[”—\/;]

plu) = 8a%(a + cu?)? + 8a5/2\/c

5.8. Cases VIII and IX

In cases VIII and IX, the integral in (19) can also be evaluated using Mathematica [41].
The solution can be expressed in terms of elementary functions as well as elliptic integrals
but are omitted due to space considerations.

We therefore conclude that it is only in the case where K¢ + Ksu + %K4u2 + %Kg} ud —
31—2K2u4 has one linear factor repeated four times that we can easily use the integral in (19)
to obtain specific functional forms of f(x) and g(x) that satisfy the integrability condi-
tions (14).

6. Discussion

In this paper, we studied the equation yyy = f(x)y? + g(x)y® which is a charged
generalization of the Emden-Fowler equation. This equation is a consequence of the
Einstein-Maxwell system of field equations, and it is important for describing the evolution
of a relativistic charged shear-free matter distribution. We multiplied the charged version of
the Emden-Fowler equation by an integrating factor and obtained a new first integral (15),
which is subject to consistency conditions (14). We emphasize that the conditions (14)
are integral equations. Note that earlier charged first integrals are not contained in this
solution. In particular we do not regain the result of Kweyama et al. [21]. Thus, our results
complement existing treatments and provide an independent analysis of the charged
Emden-Fowler Equation (7). Therefore, charged shear-free fluids display desirable features
of complexity in our treatment.

We summarize the results that have been obtained for Equation (7) in terms of first in-
tegrals. For neutral matter with g(x) = 0, particular results were obtained by Stephani [27],
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Srivastava [26], Maharaj et al. [29], Wafo Soh and Mahomed [40] and Gumede et al. [39].
Some simple forms of the function f(x) that were identified correspond to

Fx) ~ 197,

)~ % (1 B 1) —15/7'

and

X

For charged matter with g(x) # 0 first integrals were obtained by Kweyama et al. [21] and
the results contained in this paper. The functional forms of f(x) and g(x) are given by:

s~ (-0 s~ (-1

x x

and 11/5 12/5
1 1\~ 1 1\~

f(x)Nx5(1—x> ’ g(x)~x6(1—x) .

The charged solutions arise as repeated roots of a fourth order polynomial. Note that the
charged models do not have an uncharged limit since the polynomial then becomes a cubic,
which is a contradiction. Our results indicate that the complexity of the system is affected
by the presence of the electromagnetic field. In future work it would be interesting to
investigate complexity in general dissipative fluids, including electromagnetic effects, and
to consider geometries with less symmetry such as cylindrical and axial spacetimes.
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Appendix A. Integration of (17)

In this appendix we illustrate how the Equation (17) is integrated to yield (18). Inte-
grating (17) once we obtain

1-5/7s 3 -

2152 = Ks — 2K, / xL3/24x.
X 4

Multiplying this equation by xL=3/2 and writing the left hand side as a total derivative

we obtain , 3
(L) — 5 (13) = Kaxl 32— ZkpxL2/2 / xL 324y,
X

which integrates to

- 1- - 3 _ 2
Ll — 512 =Ki+ Ky / xL 2z — 2Ky (/ xL—3/2> .
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X177,

Multiplying this equation by xL.~3/2 we can rewrite it as

x(il/z) = K4xi*3/2+K3xi*3/2/xif3/2dx
XX

2
—%sz[_g’/z (/ x[‘3/2> ) (A1)

A1), = (7)), - (1),

Equation (A1) can be written as

Since

_ _ _ _ 3. . _ 2
—(172) = KaxL 92 4 Kaal 2 [ 1L 2dx - 8K2xL3/2</ xL3/2> ,
X

and integrated to obtain
3 - 2
(El/z) — LV2 = KyxL3/2 + KyxL3/2 /xi_3/2dx — ngxE_S/Z </ xﬂ_?’/z) .
X B .

Multiplying the equation above by xL~3/2 and writing the left hand side as a total derivative
we obtain

1 .. _ _ ~ _ _ 2
<—2x2L1) = KexL 3/ 4 Kaal 2 [ 117 2dx ZszL3/2</ xL3/2) .
X

Integrating yields

27 -1 F_3/2 Ky 3\ Ks ap)
2L = 1<6+1<5/xr3/ dx+2</xL3/> +6(/xL3/>
Ky VAN
22 [y
32</x ’

where we absorb a factor of —% into the K;’s.

Appendix B. Independence of the Result (15)

In this Appendix, we explore the possibility of both our first integral (15) and that of
Kweyama et al. [21] existing simultaneously. We note that those two first integrals exist
subject to the integrability conditions (14) and (9). Differentiating Equations (9b) and (14b)
leads to

28fu+ (&fur)y = 0 (A2a)

28fu+(8fur), = (A2b)
The general solution of (A2a) is given by

g = Ka(fun)~° (A3)

Now, if we substitute (A3) into (A2b) we obtain the fourth order integral equation

3funfu — 2(fin)* =0, (A4)
whose solution is 1

fr = 52 (Kzx + Ks)®. (A5)

Differentiating fy;;; four times leads to f = 0. In order to find the form of g that corresponds
to f = 0, we substitute f = 0in (7) to obtain
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Yor = 8Y", (A6)
whose first integral is given by
veo= g’ =3 [ gty (A7)
1(dy?
— 3 _ e
— a3 fa3(%): (A8)

The integral on the right hand side of (A7) can be evaluated if g = Cy, hence g(x) = 0.
Similarly, if we let f = 0 in (10), the resulting first integral can be evaluated if §; = Cy; that
is if ¢ = 0 as before.

Thus, the requirements of both sets of integrability conditions, arising from (9) and (14),
force f = ¢ = 0. This implies that the first integrals (8) and (15) are independent of

each other.
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